It includes a technical discussion cf basic schlieren instruments, their sensitivity, and resolution.
Test results, yielded by the integrated equipment, are covered in tne following section.
Conclusions ard recommend.ktiovs for improvements in the composite system are in Section III.
The Appendix includes the procedure for aligning the equipment.
Manuscript released by the authors May 1965 for publication as an ARL technical report. Basic Schlieren Systems
The schlieren system is most commonly used to make visible small spatial fluctuations in the index of refraction of gases. This is accomplished by shining a collimated beam of light through the chamber containing the gas, allowing the fluctuations to cause a deviation of the transmitted light and then processing the transmitted light to remove the deviated light from the image of the test chamber.
The fundamental components of the system are:
(a) a small bright source of light, (b) a large-diameter lens or mirror, designated Ll, (c) the test chamber, (d) a second large-diameter optical element, designated L 2 , (e) a knife edge aperture, and (f) a camera.
The arrangement of these components is shown schematically in figure 1.
The schlieren system can be considered as two separate optical systems combined.
One function is to form an image of the source distribution at the knife edge plane and the other is to form an image of the test section on the film plane. The two functions are intimately related in that the sc rce provides the illuminaticn for the test section and the source image at the knife edge allows the modification of the test section image, thus making the density gradients visible.
The source, which we consider to have an arbitrary distribution of brightness, f(x,y)* sends light into the first lens L, which collimates this beam, i.e., forms the diverging incident rays into parallel rays.
The parallel rays pass through the test ,ection and are focused to a point at the knife edge plane by a second lens, L 2 . The rays continue past this plane and form-an image, either real or virtual, of the test section.
The distribution of energy at the knife edge in the absence of any disturbance in the test section, will be the convolution of the source function with the optical system spread function, or:
f(x, y) s (x-x', y-y') dx'dy'. If the size of f(x,y) is much larger than s(x,y), the resulting distributioin will resemble f(x,y).
If, on the other hand, the converse is true, it will resemble the system spread function, s(x,y).
In a good system, the spread function is considerably smaller than the source, thus the source image is quite similar to the source. The spatial points in the source image have no correlation with spatial points in the parallel part of the optical system. The spatial points x and y, measured from the system axis in the knife edge plane, Z = Zo, are homomorphic to the angles of rays with respect to the axis in the test chamber.
Without modification of the transmitted light in the knife edge plane, the optical system will take all rays originating from a point in the test chamber, regardless of the angle they make with the axis, and recombine them in the image. Thus, inhomogeneities which bend the light slightly in the test chamber will not appear dark or light with respect to other points in the test section image.
However, it is possible by placing obstacles at certain positions in the plane Z = Zo, say * We assume here that the variation of fl'ix with angle is small, this being a system specification. 6 -w (xj,YI) andx x 2 ,y 2 ) to remove the light from the transmitted beam which corresponds to angles in the test chamber (0 XQ y) and ( X2, Y2). This causes areas in the test section which have caused the light to be bent at these angles to appear dark in the image of the test section, because this particular light was subtracted front the transmitted light at the plane Z = Z .
o A typical modification of the transmitted light which is performed in operational systems is to insert a knife edge, say a semi-infinite plane with edge parallel to the x axis.
Often the knife edge is inserted as close as possible to the middle of the energy distributio-under quiescent conditions. This gives an image which is one-half as intense as would be obtained with no knife edge. Then areas in which deflection occurs show up lighter and others darker than the background on the output film. Any disturbance in the test section which deflects some light below the knife edge will appear darker in the final image and conversely any disturbance which deflects light over the knife edge will appear lighter. The entire field should be uniform in the absence of such disturbances.
If aberrations are present in the system, no plane can be found for the knife edge, which causes the image to become uniformly dark as the knife edge is advanced into the focused beam. By the same token, the sensitivity is not then uniform over the field. This is a strong argument for a highly corrected system. Relaxation of the requirements on quality may cause the resulting field to be non-uniformly illuminated, with the knife edge inserted under otherwise quiescent conditions. Discussions of the sensitivity and associated factors center around the e 2rgy distribution at the knife edge. The following section touches briefly on this subject.
B.
Schlieren Sensitivity Collimated light, passing through the test section, is deflected by some spatial fluctuation in the index of refraction.
Rays which are deflected to angles ( x,@ y) with respect to the axis, all pass through the point x = 0 xf, y = 0 f, Z = Z., where Zo is the focal plane of the lens, L 2 , in which plane the knife edge is located. The angle that this point makes with respect to the center of the lens, L 2 , is just (0 ,Gy).
Light which is not deviated in the test section is focused at L( y x = 0, y = 0, Z = Zo.
The important point is that there is a one-to-one correspondence between angles in the test section and points (x,y) in the focal plane.
The source provides the light which is cGllimated by the lens LI and subsequently passes through the test chamber. The source has a finite width. The image of this source is centered on the axis of the system at Z = Zo, and subt2nds a half angle measured from the center of L2 equal to 03".
The quasi collimated light which passes through the test chamber is deflected by some. spatial fluctuation in the index of refraction. The rays deflected through an angle (19,@y) cause an image of the source to be centered at x = f,
A knife edge inserted in Z = Zo parallel to the x axis blocks all light rays for which x < 0, and blocks one-half of the light from an on-axis source in the absence of disturbances in the test seetion. A disturbance which deflects some iight through an angle (0 xQ y) causes a second source image to appear at 7 = Z 0 whose center is shifted to x = Oxf, y = 0yf.
If ex is positive, the transmitted light is increased, if it is negative, the amount transmitted is reduced. Thus, deflections in the test chamber modify the amount of light transmitted in the sys tern.
The lens L 2 , in the absence of any modifying diaphragms, takes all light emanating from points a and P in the test section, independent of their direction of propagation, and focuses it back to a single image point (a', f3').
The insertion of the knife adge in the plane Z = Zo then changes the illumination of the points in the test section image in which deflection from the original propagation direction occurs.
The sensitivity of a given system will be increased if the source, consequently the source image, is reduced in size. The presence of the knife edge causes shifts in the source image to be manifested as changes in intensity of the final image.
Thus, a measure of the sensitivity is the half angle, Qo, subtended by the output spot at the lens, L 2 , through which the source image must be shifted in order that it be completely eclipsed by the knife edge. Smaller edges have to be shifted correspondingly less than larger images to cause the same amount of illumination in the final image.
The shape of the output spot resembles the shape of the soturce in ukist systems, except in cases where the aberrations cause significant distortion in the image.
The shape of the source image and knife edge determine the sensitivity function of the system, i.e., the illumination in the final image versus the bending in the test chamber.
Generally speaking, the range of the system is proportional to the source image size. Thus, the system sensitivity and range are inversely proportional to one another.
In test facilities where relatively low density flows are used, the spatial fluctuations in density are correspondingly small. In order that these fluctuations be seen, the system must be made more sensitive.
Conventional light sources will only give usable sources down to about a millimeter or so, but energy limitations prevent much improvement on this. The advent of lasers greatly, improves the situation because of the tremendous brightness of the laser output. This enables spots as small as 5 microns, with a correspondingly large increase in the sensitivity.
The basic schlieren system is not changed, but the exact nature of the individual components must be carefully examined when laser sources are considered.
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C.
Resolution of Schlieren Systems
The relation between test section and focal plane is fundamental and bears on both the sensitivity and resolution.
It is best discussed using an approach similar to that used by Abbe in analyzing the resolution of a microscope.
Structure in the test chamber is considered to be composed of the sum of a number of spatially periodic gratings by a Fourier synthesis argument in two dimensions.
These periodic components are treated as diffraction gratings, which cause a deflection of the light into diffraction orders.
Theory of the grating relates the spacing and def]2ction angles'by the simple equation at normal incidence:
ii where 9. = the angle for the principle maxima for wavelength X for a
2.
grating whose period is ai, and n = the order of the spectrum.
We require that at least two interference orders pass through the system in order that the corresponding spacing be resolved at the output.
In order that this be true, the light in these two orders originating in the test chamber must: (a) pass through the large schlieren element (be it a lens or a mirror),, and (b) pass through the aperture located at the knife edge plane. The angles, 9, are typically small, so (a) will normally be satisfied.
Rays which are deflected to angles (Ox,gy), with respect to the axis, all pass through the knife edge plane at the point x = 0 f, y =yf, where the knife edge plane is at a distance equal to the focal length of the lens, f.
There is a homomorphism between the angles which rays make upon entering the lens and points in the focal plane of the lens.
It is this fact on which the schlieren principle works. We desire to determine the relationship between the aperture size at the knife edge and the resolution of the system. Speaking only in terms of one dimension, the relationship between the grating period, a, and the location of y of the corresponding order in the knife edge plane, we can relate the two by the following:
where the small angle approximation e = sin 9 has been used for simplification, and usirig the condition previously stated on resolution, i.e., n = 1.
y~a(-)
where y the distance from the axis in the knife edge plane, and = the grating spacing in the test section.
Substituting typical numbers, we have: a = 1.0 mM, f = 100 inches, and = 6.3 x 10 5 cM.
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This gives: y 100 6.3 x 10-5 a2.54= 6.3 x 10-2 inches 0.063 inches.
10-' + 2.54
This means that a clear aperture (above the knife edge) of 0.063 inches is necessary in order that sufficient information be available to the camera for it to be able to resolve one-millimeter lines displaced vertically in the test section. A stray light shield (an iris diaphragm) situated near the knife edge, can usually be adjusted to give the required resolution.
Another factor which bears on the resolution of the output is camera motion.
If the size reduction from test section to film is five to one, the film must not move more than one-fifth of a millimeter, or about 8 x 10-3 inches, during the time of a single exposure.
This gives a rough idea of the amount of isolation needed for the camera.
Of course, resolution of density gradients in the gas depends also on tl.e sensitivity of the system, because this determines the contrast in the image which results from a given gradient.
D. System Components
This section dirzcusses the actual components of the laser source which has been developed on this contract.
It includes detailed descriptions, reasons for choices, and problems encountered.
1.
Laser Source
The term "source" is used in this section to mean all the components necessary to produce the system input spot.
In the conventional light source, this is normally a bright Xenon flash lamp or Xenon-Hg lamp, and a lens which collects the lamp energy and focuses it on the input aperture, which is normally a small slit.
Because of the relatively large size of these sources, their image is usually larger than the diaphragm, thus the diaphragm itself defines the size of the source. The resulting source spot is the shape of the aperture and is more-or-less uniformly illuminated.
The laser output characteristics are quite different from those above. It is monochromatic and unidirectional.
These characteristics allow it to be focused to a very small spot by a highly corrected lens.
The spot size thus produced can then be used as the system spot size or source size, since even without any diaphragm at all, it is much smaller than the slit sixes usually used with conventional light sources.
The source developed on the present contract is a combination of two lasers, a Hle-Ne Gaseous Laser and a Q-switched Ruby Laser.
The outputs of the two are combined, using a dichroic mirror, and thereafter pass coincidentally through the system. The gaseous laser is a Spectra-Physics model 112 laser with a guaranteed output of 8 mw cw power at 6328 Angstroms.
It has several features which make it ideal for this application.
It has exceptionally good stability, being mounted on a heavy piece of invar tubing.
It can be easily pulsed off and on electronically with 100% gant-h ^f 4-i,104,-
system, to allow continuous visual monitoring of the picture to be taken, and for taking photographs with moderate exposure times (10 milliseconds).
The pulsed laser was produced by AAI. It consists of a ruby rod in an elliptical cavity, pumped by a Xenon flashlamp. The cavity mirrors are external to the laser rod.
Passive Q-switching with a phthalocyanine solution produces output pulses of approximately 30 nanoseconds duration, as shown in figure 7 . This pulse is synchronized with the camera to give very short exposures.
The laser is designed specifically for this application.
Principal considerations were uniformity of output energy, and long life.
Pursuant to this first goal, the rod and lamp were water-cooled, and the power supply was engineered to give ±0.25% reproducibility in laser capacitor bank voltage.
In addition to water cooling, which increases the system life, the laser is operated at a relatively low level so components (e.g., cavity walls, reflectors) will not deteriorate rapidly.
Both flashlamp and ruby rod are water cooled along their entire bodies.
The intercavity reflection losses due to the cooling jackets (vycor) are compensated by the focusing properties of the jackets.
Controlling changes in input from the power supply is as important as controlling the temperature of the laser components.
The power supply problem is unique in the present case, because of the specified time sequence of shots.
A series of 12 shots nmust be fired at 5-second intervals.
This differs from systems which work on a continuously pulsed basis, which are allowed to reach a temperature equilibrium condition after a certain number of shots.
Here we must start with a cold system and guarantee uniform output over the first twelve shots. The control of the charging voltage to ±0.25% was achieved as a result of measurements of laser output and its dependence on supply voltage.
In addition to the control of the-charging cycle, it is also necessary to minimize current leakage from the storage capacitor in the interval between charge cutoff and fire. This is accomplished by: (a) disconnecting all unnecessary circuits from the capacitor bank at charge cutoff, and (b) by placing a triggered spark-gap in series with the water-cooled flashlamp.
The latter step was found necessary because the cooling sheath around the flashlamp acts as a resistance in parallel with the lamp, allowing some charge leakage when connected directly to the lamp, even though the lamp manufacturer claims that the coolant is completely isolated from the electrical connection.
This was a variable quantity which depended on the condition of the coolant, but was easily measurable.
The charge on the capacitor bank was monitored in these tests by means of a pen recorder in a balanced bridge circuit; the results of these measurements are shown in figures 5 and 6.
The instrument impedance was maximized by use of this circuit, but even if some leakage was experienced due to this measurement circuit, it would be constant from firing to firing.
Thus, comparisons of relative leakage and charge are still valid. The leakage rate measured by this technique in the final system was 2.8 volts per second at about 2,000 volts. This is a pessimistic measurement, due to the effect of the measurement.
Thus, waiting more thau about 3.5 seconds between charge cutoff and firing causes a decrease in-voltage at firing of 10 volts, which is comparable to the repeatability in the charge cycle.
The physical design of the laser head caused an asymmetrical discribution of fluorescence in the laser rod; the fluorescence tended to be on the flashlamp side of the rod. This is due to: (a) the proximity of the flashlamp and rod, and (b) the focusing sheaths.
This resulted in a non-circular laser output spot. This was overcome by placing a 1/8-inch diameter circular aperture in line with the 8 Figure 2 . Ruby Laser Head for Schlieren Source Cog . . . di=crimintea s iaSing acLian around the periphery of the rod and to cause the lasing action to take place in the center of the rod.
The laser is made to Q-switch (emit a very short output pulse) by the introduction of phthalocyanine absorber in solution into the cavity. Various path lengths of phthalocyanine solution were tried, from several millimeters up to one inch. This is about a 10-6 molar solution of a metal phthylocyanine in nitrobenzene sealed in an absorption cell. The threshold for laser action increases telatively slowly with increasing path lengths of this solution.
Increasing the input energy above threshold eventually results in more than one output pulse. The range over which a single Q-switch pulse is obtained is quite narrow for the shorter path lengths, but is greater than 200 volts for the one-inch cell. The single and double pulses are illustrated in figures 7 and 8. Thus, the possibility of cbtaining more than a single pulse is minimized by the use of the one-inch path length.
We have gone farther than requiring merely one pulse output; we are controlling the energy in just one pulse as accurately as possible.
The Q-switch output is not precisely controllable in time, but occurs at some time after the flashlamp is triggered, when the fluorescence has bleached out the absorbing material.
If all physical parameters are the same (e.g., temperature, input energy, etc.), one would expect the laser pulses to occur at very nearly the same time. The time reproducibility was investigated and found to be less than 200 microseconds (see figure 9) .
The exact reproducibility of time is not necessary for the system at hand, because the only requirement is that the laser pulse occur during the time that the mechanical camera shutter is open. The normal synchronization pulse from the camera is used to fire the laser.
These pulses were monitored using a detector with a slow response. It does not show the actual pulse width, but it does show whether one or more pulses occur, and when, because the spacing between pulses is on the order of 100 microseconds.
This technique is used because it facilitates scope observation, minimizing delay and synchronization problems.
Matching Lens
The nearly parallel beams from the two lasers are focused to a spct which acts as the source for the system. The lens required to do this performs a dual function. It forms the spot, then the beam spreads out so that it illuminates the first large element, LI, evenly. It: thereby matches the laser beam to the test section in a sense similar to impedance matching .n electronics.
The spot size is related to the quality of the laser output and the angle at which the beam spreads out. This is due to a basic law of optics known as the conservation of brightness. The brightness of the beam exiting the laser, and the requirement that this beam illuminate the test chamber with parallel light, along with the f numbers of the matching element and l1lge element, completely determine the source size.
This matching lens must be corrected to form a small spot in space. If the lens contributes spherical aberration, it will be impossible to obtain an even cutoff in the knife edge plane.
Color correction improves the agreement of longitudinal position for ruby light (6943 Angstroms) and gas laser output (6328 Angstroms). The difference between these wavelengths is not great, and the relative dispersion of most glasses decreases toward the red end of the spectrum. No difficulties which would indicate a difference in longitudinal position of the two sources have been encountered with the actual system. A tien-power microscope objective has been found ideal for this lens. It is well corrected, has a reasonable working distance, and affords a good compromise between efficient use of energy and uniformity of illumination of th2 test chamber.
From a mechanical point of view, the readily available mounts and adjustments for such elements make them quite attractive.
These lens are coated with standard anti-reflection coatings, which suffice, especially since the position of this element reduces the effects of reflected light frcm it.
The source size formed by the lens using the gas laser is estimated to be approximatey 7.5 microns. This :.s based on the diffraction-limited spot size, which is a reasonable assumption because of the quality of botk the microscope objective and the gas laser output.
The source size formed by the lens using the ruby laser light is not this good, but is less than 0.004 inch.
These sizes are difficult to measure exactly in the existing optical system for reasons which will be examined later. The upper limit on the ruby laser spot was measured by placing a piece of metal at the focus of the microscope objective and examining the diameter of the crater produced by the ruby laser.
A small circular source aperture is placed at the source location.
The aperture is not necessarily used to define the source, but performs a spatial filtering function, eliminating structure which would be introduced into the source output due to reflections, dust, or bubbles in the elements which preceded the aperture.
This ftinction is illustrated in figure 10 . Adjustments between Lhe lasers, the lens and the aperture are provided.
The source point must be located exactly at the focal point of the collimating element.
This aperture is a diamond wire-drawing die, which was chosen because it stands up well under the bombardment of this ruby laser.
The laser burned holes in thin metal diaphragms which were tried.
The diamond die has actually a small clear aperture in the center and, when viewed normally (as used), an annular transparent region can also be seen. This is due to a light path through the crystal, but is far enough from the central aperture that it is not harmful.
Care must be exercised in the initial alignment to insure the beam is passing through the proper aperture.
Beam Splitter
The double-pass nature of the system, originally used for increasing the sensitivity, only complicates the laser system, since the inherent sensitivity is more than sufficient.
This configuration requires a system in which thi input and output are coincident.
This, in turn, requires a device for separation of these beams.
The cornventional method is with a beam splitter. Several types of beam splitters, were investigated on this contract.
The three basic types are: (a) a flat piece ot -lass with parallel faces and reflectiona coatings, (b) the thin film type, and (c) L'. prism type.
All of these have disadvantages.
The glass plate with a partially reflecting coating at 450 incidence, although it has been successfully used in many conventional systems, causes astigmati,m in the transmitted beam. This was not noticeable in this system with a conventional source because of the relatively large size of the source.
With the laser aource, the resulting astigmatism is into]erabie with plates of reasonable thickness.
The thin film type is similar except this substrate is extremely thin, thus astigmatism is riot the problem. Strong interference effects do occur due to reflections off fr9nt and back.
These can be minimized by anti-reflection coatings on the rear surfaze.
These films, however, cannot maintain flatness of )ne-tenti-of 3, wavelength and, .2lthough they do take simple coatings. multiple coatings tend to craze.
On the bazis of these considerations, the thin film -eam splitter was also rejected. The prism beam splitter is The resulting prism is cubical in Shnpe; the bea-as enter normal to the faces of the prism, which are antirefIectioii ý'cjred, The use at normal incidence eliminates the astigmatism, but some probieiwts still exist due to unwabted r2flections from the face of thle prism. These oscur in spite oi the anti-reflection coatings on these faces. After much puzzling, a solution was eventually worked out. This scheme involves thle use of the polarization of the laser output.
Linear polarization of the outputs of both lasers is guaranteed by placing of the Glatt Thompson prism in front of the microscope objective. A quarter wave pla.te is placed between the beam. spli-Zter and the large spherical mirror. A sceond Glai Thompson prism is placed between the k:nife edge plane and the camera.
At the knife edge the reflections from the faces of the prism beam splitter have a oolarization perpendicular to that which passes through the entire system. The liast Glan Thompson prism rejaects the unwantad reflections and passes the rest of the light. Interference between the refleztions from the faces of the beam splitter prism still cause some modulation of the transmitted light, even though they are coated. This shows up a3 vrery faint linear fringes across the field under gas laser illumination.
4.
Existing Optico-i. system The present optical system, which is the property of ARL, consists of a sealed and evacuated collimator tube, and an external plane mirror to redirect the light which exits t-he tube through a large window, back into the collimator tube. The double-pase system is essentially the system shown in figure 1, folded onto itself by the plane mirror so a single spherical mirror performs the function of L 1 and L 2 . The collimaator contains, in the order they are encountered in the system: an entrace window, a front-surfaced mirror, a corrector lenti, a 10-inch diameter spherical mirror, and window. T7his is -Illustrated in figure 11 . The large off-~axis angle reqiuires somae cor-.ection of the resulting astigmatism; this is the pur,)ose of the corrector lens. The correction was sufficient when used with a .zonventional light source because the source size was relatively large.
As a result of work with this system using the gas laser source, the degzee of correction of tlhe system. ha3 been obvious. The optics are completely unable to reproduce the gas laser source spot at the knife edge and only produce an ouitput which is characteristic of the optical systeut itself. Any Input less than 4 mils is reproduced as a 4-mill spolt at the output.
Historically, it is interesting to Ree how this kind of optical system evolved, in thi 's form. Uip to the advent of the laser,, powerful white light sources bave been~ used in these sy..tems. Thus, the relatively large amount of chromnatic aberration (distance) aosociated with large-diameter optics would have c~aused the 4aricus color components to focus at different positio.ns along thle axis and to pass through the test chamber at different angles~. The use of mirrors elim-:Inates this problem, hat introduces others. Mirror systems characteristically have the center of the field obscured. This is not desirabloe in schlieren systems, since the test chamber is in the near field of the coiliwatcr. Using de-centered or cffaxi&, systems gets around the obscuration problem, but intreoduces bad aberrations. The abertations are bothersome, but most users hav2 learned to live with them. Also, since the white light sources are relatively large, sensitivity to aberrations is not so gre~at as when a smali source is to be imaged by the optical system. The laser source has been mounted on this optical system and aligned with it, the source point being made to coincide with the focal point of the large mirror. When the external plane mirror is properly positioned, the exiting beam is superimposed on the entering beam back to the beam splitter which separates the two.
The beam comes to a focus at the-plane of the knife edge, forming an image of the source.
Knife Edge
The knife edge and its adjustments are required to move smoothly and reproducibly through extremely small distances, i.e., 10-4 inches.
The total range of motion required is not large. This has been accomplished by the use of a simple parallelogram flexure, which provides the required translation of the knife edge. The drivers are conmmercial micrometer drives with large barrels which read directly to 0.0001 inch. The knife edge can be adjusted about the axis of the system. An aperture near the knife edge plane limits stray light transmission and acts as the aperture stop for the system. The relationship between system resolution and theory of schlieren systems hinge on the energy distribution in this plane, the knife edge position and shape, and the size of the limiting aperture.
These are discussed in an earlier section.
As mentioned previously, a Glan Thompson prism is mounted just outside the knife edge plane for the purpose of eliminating the unwanted reflections from the beam splitter.
6.. Camera
The camera is a 35 inm Leica with a long focal length lens, extension bellows, and rack and pinion mount.
it incorporates a reflex housing for viewing the intage on a ground glass screen. The sync output from the camera is used to fire the pulsed laser.
The gas laser is electronically pulsed off during the time the shutter is open. The film chosen for this work is Eastman Kodak Linograph Shellburst, which has a good red sensitivity where most panchromatic emulsions have absolutely no response.
It is a fine-grained film of moderate sensitivity and readily available. It must be processed in absolute darkness because of its red sensitivity, but other than this, it is easily worked with, developed ideally for 8 minutes in D-76 at 680 F.
The energy available from the pulsed laser for taking the photograph is adjusted by a special prism situated directly in front of the pulsed laser. If photographs are to be made using the gas laser, the energy is best varied by the plate current adjustment on the gas laser power supply.
7.
The Mounting Platform
The platform on which the laser source is mounted rests by means of a three-point suspension on a rigid bracket built out from the side of the collimator. The three knurled knobs at the ends of the platform translate the platform vertically and change its angular orientation with respect to the collimator tube, the whole purpose being to put the laser source spot at the focal point of the large spherical element within the tube. These adjustments are provided with locks to aid in maintaining alignment.
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Fabrication of the System
The first phase of the contract was directed toward the design of the overall system, components, and hardware.
The procurement of specified optics is a long, slow process. A subsequent delay in system testing was anticipated. To minimize the dependence of the contractual delivery date on this lengthy procurement, some additional components were simultaneously ordered in cases where alternatives in the system design were to be evaluated against the chosen concept.
A test rig, consisting of a 5-inch lens and plane mirror, were fabricated to simulate that part of the overall system which existed at ARL. When the system was ultimately fabricated and ready for testing, the test rig (in particular, the lens) was found not to have the needed quality for complete testing. This arrangement did allow familiarization with the optical system, development of techniques for alignment, and direct encounter with some heretofore only suspected difficulties.
Paralleling the fabrication of the optical components, the development of the pulsed ruby laser ,as carried out.
There were to be several features unique to this laser which would .equire careful laboratory development and testing. These were cooling, Q-switching, and energy control.
Temperature of the ruby rod and the incident energy were factors which governed the output. This light output was specified to be repeatable at the repetition rate of 12 pulses per minute. Temperature change was to be held to a minimum by passing distilled water around the rod under positive pressure.
The same coolant was used for the flash lamp to stabilize its output and extend the lamp life. Some problems with fittings and seals occurred initially, but subsequent modifications corrected this. One later breakdown was attributed to repeated firing of the laser without operating the coolant pump. Presumably, a vapor pressure build-up broke the seal. Final design now includes automatic and continuous pump energization when the laser power unit is on.
Electronic control of the energy input was accomplished by a two-stage feedback circuit which could accurately sense the storage bank charging voltage. The feedback circuit operates from a 200-volt regulated supply.
Short pulse duration, accomplished by Q-switching, is performed passively with a vanadium-phthalocyanine liquid bleachable filter. The effects of various cell-path lengths and energy inputs were studied. The design which eventually became firm is described in a previous section.
The laser system was thoroughly tested and is now considered quite reliable. No sign of laser mirror deterioration was observed after the laser Was fired about a thousand times. This is at least partially attributable to the fact that the cavity, when issembled, is dust-tight.
Once the laser is closed up, no additional dust can enter the cavity and stick to the mirror.
Although the substitute optical system used foz test purposes was not of the necessary quality, it did allow us to grasp some of the overall systems problems, while it was at AAI, such as beam splitter comparisons, .elimination of unwanted reflections, and other adjustment modifications.
The equipment was shipped from AAI to ARL on January 4, 1965. The first week was spent in transporting, reassembling and mounting the equipment on the existing collimator tube at ARL.
The system was initially set up without the tunnel test section interposed so the work could be carried on without preventing normal use of the t-innel.
The first observations of the test section image quality indicated several problems.
First, the unwanted reflections from the surfaces of the prism beam splitter were more prominent than at AAI because of the greater losses in the schlieren optics at ARL.
The polarization-separation scheme was conceived and implemented.
The success of this method is illustrated in figure 13 . Second, quite prominent concentric rings could be seen superimposed on the test chamber image. No adjustments of the exterior optics could influence these rings and their position with respect to the system cross-hairs which are engraved on the spherical mirror. Third, no plane could be located for the knife edge which would give a good cutoff, e. g., that would give an even illumination of the field, with the knife edge inserted. Fourth, the image could be seen to flicker at a frequency of several cycles per second.
The environment was also a poor one from the viewpcint of thermal fluctuations; large blowers and the opening of doors caused strong drafts on the equipment.
A helpful technique was developed for alignment and studying of system quality and performance.
It utilizes a microscope objective to focus the knife edge plane onto the camera viewing screen. This makes the knife edge and source image easily visible. Observations then indicated several problems.
One difficulty was the effect of the floor vibrations on the optical system. This caused a flickering of the image.
These were transmitted from the concrete floor directly to *he rigid steel frame on which the equipment is mounted.
Several expedient schemes .,ere attempted to reduce this vibration.
One, utilizing large foam plastic pads, did not work out.
The vibration was eventually reduced to a reasonable level by the installation of a shock mount under each leg. The height of the optical centerline was increased by these mounts, causing misalignment with the windows on the tunnel.
In order to determine the frequencies characterizing the remaining system vibrations, a photodetector was placed in the film plane of the camera and the output connected to an oscilloscope.
The fluctuations in the output signal with the knife edge inserted were measured.
The principal frequencies were determined to be about 16 cps, with a modulating beat-frequency of 1.5 cps.
These measurements were not made with the system in place on the tunnel, and are not to be used in the design of any subsequent vibration isolation studies.
They do indicate the feasibility of the measurement technique and give a rough idea of the frequencies to be encountered in this general area.
Observation of the gas laser source image, viewed in the knife edge plane, showed an image greatly fiistorted from the effective source at the entrance aperture. The optical system in the collimating tube had large aberrations (relative to use with the laser source).
Although a correction element is incorperated, it was found to be acceptable only when this system used the conventional light source.
Since the gas laser source size is so much smaller than the conventional source, it would require a more nearly perfect optical system to form a good image of it.
The astigmatism and the asymetrical circle of least confusion of the laser source image are illustrated in figure 14 . The principal result of this to the user is a non-uniform distribution of light over the test section image when the knife edge is inserted ( figure 15 ).
This implies a non-uniform sensitivity over the field. The limiting image size which the system can reproduce is about 4 x 10-3 inches in diameter. This is the measured diameter of the system output spot.
Interference fringes in unwanted reflections from surfaces of the prism beam splittec.
(Return from the test chamber has been blocked in order that the reflections be seen more clearly.)
Elimination cf these fringes with the incorporation of polarizing prisms and quarter-wave plate. 
7
Illumination by the Gas Laser shows characteristic non-uniformity due to imperfections in the optical system. Object visible in lower center is top of flashlight pointed upward. ... rUngs oserved if, Lhe camera image plane are due to reflections from the front and rear surfaces of the collimator window. Interference between the light reflected from these surfaces is enhanced by the coherence of the gas laser light. However, this reflected pattern is not what is seen in the inage plane, because the window is deliberately cocked at an angle with respect to the system axis.
It is the absence of this light (which is subtracted from the transmitted beam) that causes a visible interference pattern in the image plane.
Proper coating of this window will greatly reduce this patý2rn. The ring structure can be clearly seen in figure 10 .
In order to check the spot size measurement, which (along with the focal length of the output element) determines the sensitivity, some photographs were taken with a variable standard schlieren ( figure 16) .
No densitometer measurement of these photographs are available, but with all the imperfections, such as rings and non-uniform field illumination, the value of such quantitative calculations is questionable.
They do serve to give a good estimate of system sensitivity. The m'asured sensitivity checks with the output spot size.
The effect of ambient temperature fluctuations on the performance of the system, other than the inhomogeneities in the light path, was noted principally by the fact that the knife edge setting would drift relative to the source image. That is, 41 a period of ten minutes or so, the knife edge setting was significantly changed (10-3 inches).
This is attributed to changes in dimension due to small changes in ambient temperature.
Thus, considerations of systems with increased sensitivity must include these temperature effects.
Photographs taken with the gas laser exhibit a structure which is not observed when the system is viewed through the reflex housing.
It is a fivesided pattern with roughly radial bright lines. This is because the leaf type shutter used for these relatively long exposures is not in the objective plane of the system. Thus, positions in the shutter plane are correlated with ,ositions in the image plane.
Since all points in the shutter plane are not expu,;ed for equal times, the photograohs are not uniformly exposed.
This effect can be clearly seen in figure 10.
Generally speaking, the gas laser is a very critical tool with which an optical system can be studied, but in some instances its extreme sensitivity causes effects which are not desirable. The high quality of the laser output does offer promise for a much more sensitive system, but this brings with it much more stringent requirements from the standpoint of environmental factors and optical quality.
After making observations of the above phenomena using the gas laser, the Q-switched ruby laser was installed and initial attempts were made to align it with the optical system. Initially, the installation and adjustment was carried on in the labeoatory where the tunnel, on which it was to be installed, was located. The severity of the environment was noted, but since the equipment was to operate in this environment, it seemed that the initial alignment might as well be performed there.
initial difficulties in aligning this laser caused a reconsideration of this policy; at the beginning of the fourth week the equipment was moved into a better environment, where the adjustment procedures were much more easily performed.
The technique worked out at AAI for the purpose of aligning this laser with the rest of the system did not work because of the greater losses in the ARL The alignment procedure is discussed in the appendix.
After some additional modifications to the adjustment system, the ruby laser was aligned without undue difficulty.
initial photographs indicated that additional shielding of the camera from the laser pump light was necessary.
This light was leaking through the plastic end pieces on the laser head. Additional felt masking of the outer laser head cover solved this problem. A series of photographs was then taken to detenrine the proper setting of the laser attenuator for the system. This attenuator was then set at what wqs considered the optimum value, and several other runs were made (figure 17).
One of the .most interesting results of these photographs was that, in contrast to the gas laser photographs, the rings due to interference were almost completely absent. Another fact that was noted was that the system knife edge letting caused very similar sensitivity for both lasers, but with better unifolinity of illumination with the pulsed laser.
The absence of the interference rings is due to the relative incoherence of the pulsed laser, compared to the gaseous one. This is primarily due to the quality of the ruby material available at present, as compared to gases.
This comparison is intimately related to the comparison of source sizes for the two.
The fact that the schlieren sensitivity for both lasers is about the same is because the sensitivity is determined by the angular size of the source image at the knife edge! plane.
The smallest spot the optical system can form is 4 x 10-3 inches, no matter what the source size is.
Thus, the sensitivity for both lasers is approximately the same. As mentiened previously, the gas laser source size is estimated at 7.5 x 1,) 4 cm. An upper limit for the ruby laser is established by measurement of craters formed by the focused output of 4 x 10-3 inches.
These spot sizes help explain ':he measured results, and allow us to make some estimates relating to system improvements.
The larger source size formed by the pulsed laser does not offer tie h.Igh inherent sensitivity that the gaseous laser does.
However, a source diaphragm .f 10-3 inches diameter can still be used with this system. With an aperture th).s size a significant amount of the total incident energy is lost at the knife edge. This method is simi.lar to that used with conventional sources, where the source fills a diaphragm, which determines the source size. This spot size is approaching the diffraction-limited spot size for the optics used.
The sensitivity which could be realized is not attainable with the present optical system because the smallest source image which can be obtained is about 4 x 10-3 inches in diameter. in order to realize the ultimate potential of the ruby laser, this should be reduced by a factor of six or eight, which is approaching the diffraction limit of 4 x 10-4 inches.
The sensitivity of the present system cau be improved by a factor of five with the use of a bettei optical system. The system has been positioned at the tunnel.
Present physical requirementŽ dictate leaving a 6-foot long free air space between the collimator tube window and the tunnel window, and a much shorter opening on the mirror side. The expedient vibration mounts raise the centerline of the optical system above that of the tunnel, so part of the model is obscured. 
Using Gais Laser Source
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Observotion thiough the system, aligned on the tunnel, showed two very noticeable phenomena.
The mechanism to eliminate reflections from the beam splitter, also makes the system polarization-sensitive.
Such a system shows straina in optically transparent materials as intensity changes.
A dark area was observed toward one point around the periphery of the tunnel window.
This is attributed to a stress point where the glass is mounrted.
This can probably be eliminated by releasing p-z,.ure on the mounting aL the. point in question.
Another effect is a thin rim of darkening around the tunnel winadow per-iphery due to the temperature differential and still air space formed where the window meets the metal frame.
Other than these points, the quality of the output image is not signiticantly worse than those obtained without the tunnel.
The gas laaer photographs shown in figure 18 were taken with this arrangement, with the turnnel in flow.
This was done cn the last day at ARL.
The lower boundary in these photographs is the upper surface of a conical modei.
The uppei boundary is the edge of the tunnel window.
There is quite a bit of structure because of interference effects (possibly more than in previous pictures) du. to the additional windows through which the light had to pass. The principal shock wave is easily seen. but a great amount of structure is not visible due to the flow.
The main blower in the laboratory was turned off during the run, but the combined environmental factors, such as convection and vibration, took their toll.
An attempt was made on this occasion to take photographs using the ruby laser. Camera synchronization was apparently intermittent, and the attempt failed.
Operation of the schlieren system and ruby source was observed through the camera viewing port, however.
The other photographs taken on previous occasions with the ruby laser (and a different camera) indicate the improvement in picture quality over those taken with the gas laser source.
The same improvement is expected in tunnel conditions.
1
Top of conical model is at bottom of photograph. The flow is right to left at Mach 14. Two angles of attack are shown. The ring structure is due to interference at windows. The dark area at the lower left is due to stress in a window.
The dark boundary at the top is either stress or temperature differential where the window meets the tunnel structure.
The pictures were taken through a free air path of approximately six feet with the Gas Laser Source. 
III. CONCLUSIONS AND RECOMMENDATIONS
The work on this contract involved the development of a pulsed-laser source with less than 0.1 microsecond pulse duration, the combining of this and a cw laser into a laser source, and the incorporation of this source into the existing schlieren optical system at ARL.
The contractual work has been accomplished and is documented in this report. The demonstration of the high sensitivity inherent in the laser sources has been frustrated by certain practical difficulties.
The work performed has been useful, not only because of the laser source produced, but because it has pointed out problems related to the incorporation of such a source into the conventional system. The information is valuable because this type of system has never been put together before. It has thus served as a practical study of the problems associated with using different types of lasers in schlieren systems, and although the present system is not the ultimate in sensiLivity, it may be of sufficient quality for the purposes of the Fluid Dynamics Laboratory at this time.
The evaluation of the laser source was directed toward satisfying the contract specification.
It is recommended that the evaluation be carried on from this point.
